Using highly efficient procedures, piezoelectric vibration energy has been harvested with an energy transducer, power management circuit, and energy storage device, and a comprehensive description has been developed. gy from sources such as vibration is shown to address this shortcoming but these sources must be adequate, available throughout the life of the application, and highly efficient.
I. INTRODUCTION
Radio frequency (RF) sensors and tags find applications in several areas including inventory control, pallet/container tracking, identification (ID) badges and access control, fleet maintenance, equipment/personnel tracking in hospitals, parking lot access and control, car tracking in rental lots, monitoring product health in manufacturing, and many more. Other applications involve monitoring the health of structures such as bridges, roadways, and buildings for basic maintenance and more critical defects such as corrosion and fractures. There is also a need to track and monitor the condition of material in the military supply chain. These can include monitoring the condition of subsistence, ordnance, and replacement parts as they are transported by airplanes, ships, trailers, tanks, and other modes of transportation. Other applications combine the data from vehicular sensors, such as wheel hubodometers, tire pressure sensors, and asset tags to improve safety, reliability, and reduce fleet maintenance costs.
Another important application involves monitoring and tracking of high-value assets deployed for disaster relief operations such as acts of terrorism [1] and hurricanes. This includes tracking vehicles, heavy duty machinery, and other critical supplies. This paper specifically focuses on determining the feasibility of vibration energy harvesting for disaster asset monitoring by conducting actual field experiments at Texas A&M Disaster City which is a world leader in emergency response training. It is a place unlike any other in the world. The entire 6.2 million dollar, 52-acre training facility has been designed to deliver the full array of skills and techniques needed by today's emergency response professionals. Located adjacent to the world-renown Brayton Fire Training Field, this mini city has been designed to simulate various levels of disaster and collapse. Filled with real collapsible structures, this state-of-the-art training center features a wide array of infrastructure. The Office of Urban Search and Rescue is very interested in utilizing these advanced technologies and facilities for personnel and asset tracking for fire fighters, natural disaster events, and homeland security. It simulates dozens of scenarios that look towards better emergency response during drastic situations. Other applications include personnel and mission-critical asset tracking utilizing active and passive radio frequency identification (RFID). On a larger scale solution, this system can be used for underground mine safety and communications, subterranean building safety and communications, indoor/outdoor personnel tracking, indoor/outdoor moveable asset tracking, environmental test and measurement, and continuous data logging, trending, and homeland security concerns.
As these types of applications proliferate, it will become necessary to deploy sensor nodes in hard to reach places. Once thousands of low-cost RF sensors are deployed for any given application, replacing batteries will become an impractical task. Therefore, self-sufficient devices that can operate for an indefinite period of time will be required.
Most of these RF devices are traditionally passive without any energy storage device on board. However, as will be seen in the following section, there are applications that require a battery on board for better throughput and performance which consequently results in limited life and the need for replacement. This paper will investigate the potential for vibration energy harvesting (EH) for active RFID tags with a focus on asset monitoring in disaster relief applications. Potential vibration EH circuits and their integration with active RFID tags will be identified accordingly.
II. MICROWIRELESS TECHNOLOGIES
Homogeneous RFID technologies such as those that operate either in the low-frequency (LF), high-frequency (HF), or ultra-high frequency (UHF) bands are limited in their ability to simultaneously provide basic capabilities often sought for real-time location tracking applications. For example, when it is important to determine through which of several adjacent portals a high-value asset has traveled or which of several small adjacent rooms someone has entered, magnetic field activation zones established around strategic control points can deliver the level of accuracy required. Alternatively, when it suffices to know only the approximate area of an item's location in a rather large open area, then a triangulation method using far-field signal propagation measurements is preferable. Henceforth, multifrequency, heterogeneous technologies that combine communications in both the near-field and the far-field have emerged to address conflicting requirements such as simultaneous short distance zone disambiguation and long distance communications [2] . The ability to also support an international standard such as EPC C1G2 and ISO18000-6c broadens the product appeal for open-loop business logistics and international trade where the product must provide seamless operation within different regulatory domains.
Microwireless is a new category of RFID that has emerged to incorporate a flexible array of RF physical layers such as near-field, far-field, and backscatter communications. The computing architecture of a Microwireless device incorporates a software-defined radio (SDR) core to provide the flexibility for adaptively changing the air-interface protocol when the tag or sensor roams from one wireless infrastructure to the next. The Dot chip from Axcess International is the first microwireless architecture that has been optimized for operation with intelligent EH supplies. For maximum efficiency, the SDR algorithms will be energy aware and tightly coupled with the operations of the EH controller to optimize loading conditions as a function of energy availability across application domains.
III. ENERGY HARVESTING FOR ACTIVE RFID TAGS
Active RFID tags have fairly moderate densities and consume power of the order of several milliwatts while receiving and transmitting data packets but they are designed to draw a few watts in their sleep state. The issue of powering these systems becomes critical when one considers the prohibitive cost of wiring power to them or replacing their batteries. Such devices have to be small in size so that they can be conveniently placed in remote locations. This places a severe restriction on their life if alkaline or similar batteries are used to power them. To make matters worse, battery technology has not improved in terms of energy density and size over the last decade, especially for low-power mobile applications such as sensor networks. While an effort is being made to improve the energy density of batteries, additional energy resources need to be investigated to increase the life of these devices.
There are several sources of energy that can be used to power active RFID tags. Fig. 1 compares the power Hande et al.: Vibration Energy Harvesting for Disaster Asset Monitoring Using Active RFID Tags generation potential of some of the typical EH modalities which include ambient radiation [3] , temperature gradients [4] , light [5] , and vibrations [6] . Among these sources of energy, solar EH through photovoltaic conversion and vibration energy through piezoelectric elements provide relatively higher power densities, which makes them the modalities of choice. This paper explores the feasibility of using piezoelectric vibration EH for powering active RFID and microwireless tags in vehicle and high-value asset monitoring applications.
IV. ENERGY HARVESTING CIRCUITS AND SYSTEMS
The choice of system topologies, components, and circuits are described in this section.
A. EH System Components
A system-level block diagram of an EH RFID tag or wireless sensor operating from a natural source of energy is shown in Fig. 2 . Typically, such a device consists of a microcontroller that manages power to the sensors and data acquisition elements, as well as responds to commands (e.g., from the reader or base station). Primary nonrechargeable batteries are used to provide a 3 V DC output voltage for the device's microcontroller, sensor board, and transceiver. The device consumes about 10-20 mA during full operation and about 2-10 A during the dormant or sleep mode. Also, these devices are programmed to sleep for most of the time indicating very low duty cycles. Therefore, a continuous EH source providing at least 100-200 Wh should be sufficient to power these tags. Note that typical excitation levels for various vibration sources are very low (around 0.03-0.3 g peak ) at low frequencies of 10-200 Hz [6] . Therefore, the EH transducer must be designed to meet these specifications.
From Fig. 2 , it is clear that three components constitute the formation of an EH device: 1) EH transducer (tuned to a specific source frequency band to maximize power harvesting); 2) EH power management (alternating current/direct current (ac-dc) rectifier and dc-dc converter with adequate impedance matching to enhance energy transfer to storage device); 3) energy storage component (that stores harvested energy to increase sensor lifetime).
B. Transducer Topology
Mechanically excited piezoelectric elements possess their own distinct characteristics. A vibrating piezoelectric device differs from a typical electrical power source in that it has a capacitive rather than an inductive source impedance, and may be driven by mechanical vibrations of varying amplitudes [6] . Piezoelectric devices such as Quickpack QP20W from Mide Technology Corporation (Medford, MA) are available as a two-layer device that generates an ac voltage when vibrated in a direction perpendicular to its midplane [7] . Therefore, EH circuits that use such devices as sources of energy require a rectifier and low-pass filter to obtain a dc voltage for the embedded system. These components must have low power loss to ensure high system efficiency. The magnitude of current, and hence the optimal rectifier voltage, may not be constant as it depends upon the vibration level exciting the piezoelectric element. This creates the need for flexibility in the circuit, i.e., the ability to adjust its average input impedance to achieve maximum power transfer. This means such EH setups will need a dc-dc converter between the rectifier and the energy storage mechanism.
Previous studies have characterized the performance of three important types of vibration energy transducers: piezoelectric, electrostatic, and electromagnetic [6] . These studies indicate that piezoelectric cantilever structures operating in cantilever mode are a good choice for powering low power loads such as active RFID tags.
Piezoelectric generators work by straining a piezoelectric material to produce charge separation across the material. For most approaches, the amount of power generated is proportional to the g-force acceleration experienced by an oscillating mass, as well as the oscillating frequency. The cantilever mode of operation leads to the use of thin bending elements such as bimorphs, in which two separate sheets are bonded together, sometimes with a center shim in between them. Such systems can produce larger strains with smaller input forces and their resonant frequency is much lower. Therefore, the cantilever mode of operation is most suitable for powering active RFID tags.
C. Power Management Topology
Fig . 3 shows the basic block diagram of a vibration EH system using piezoelectric cantilevers as the transducer. The transducer output is an ac voltage that must be first rectified to dc. Several different strategies are available for rectifier design. Due to ease of availability and implementation, lowleakage Schottky diodes are feasible for macrolevel systems. These devices have very low forward voltage drop (about 0.2 V DC ) and extremely low leakage currents (of the order of 200 nA). Alternatively, synchronous rectifiers using zero-threshold MOSFETs can be used.
The second stage involves design of a high-efficiency dc-dc converter to provide regulated dc voltage at the output. The overall efficiency of the system depends upon the efficiency of the rectifier in conjunction with the dcdc converter. The converter must be designed to match the transducer impedance. This is very important because unlike typical voltage sources, piezoelectric EH transducers are capacitive in nature with high output impedances while typical loads such as batteries have an impedance of the order of few hundred ohms. Without appropriate impedance matching there can be significant loading issues on the voltage source element leading to inefficient power transfer.
There are several dc-dc converter topologies to choose from. Typically, nonisolated switch-mode dc-dc converters seem to be the energy conversion device of choice due to relative ease in matching the transducer impedance [8] . The three most basic converter topologies: buck (stepdown), boost (step-up), and buck-boost (step-up/stepdown) can all be used to achieve impedance matching.
1) Buck Converter:
It is feasible to use a dc-dc buck converter operating in the discontinuous conduction mode (DCM) along with a pulse-charging circuit to maximize power harvested from piezoelectric elements [9] . The optimal duty cycle of the converter is dependent on output filter inductance, switching frequency, the piezoelectric element's output capacitance, and the frequency of mechanical excitation.
A typical dc-dc buck converter with a MOSFET input switch is shown in Fig. 4 . The freewheeling diode ðD 1 Þ can be replaced with a synchronous rectifier for higher efficiency. It has been shown that maximum energy harvesting efficiency is obtained at the optimal duty cycle ðDÞ given by [9] 
where ! is the resonant frequency of the mechanical host structure, L is the output filter inductance, C p is the Fig. 3 . EH circuit for piezoelectric converters. Fig. 4 . The dc-dc buck converter with battery load.
Hande 2) Buck-Boost Converter: The buck-boost converter circuit works for input voltages higher and lower than its output voltage. This allows optimization of different EH transducers with energy storage cells of different voltages. Fig. 5 shows the schematic of a typical buck-boost converter. Under DCM, the average input resistance ðR in Þ is given by [10] , [11] 
This indicates that for a constant switching frequency ðf s Þ, inductance ðLÞ, and duty cycle ðDÞ, R in is constant and does not depend on the output battery voltage (VB1) and current ðI bat Þ. Unlike the buck converter, it is not necessary to have a high input-to-output converter voltage differential.
Each of these converters typically supply dc power to an energy storage element at their output. However, a buck-boost converter is observed to be most suitable for low excitation levels, and high efficiency requirements.
D. Energy Storage Device
The two practical choices available for energy storage are batteries and electrochemical double layer capacitorsValso known as ultracapacitors. Batteries are a relatively mature technology and have a higher energy density (more capacity for a given volume/weight) than ultracapacitors. Four types of rechargeable batteries are commonly used: nickel cadmium (NiCd), nickel metal hydride (NiMH), lithium-ion (Li-Ion), and sealed lead acid (SLA). Of these, SLA and NiCD batteries are not preferred because the former has a relatively low energy density, and the latter suffers from temporary capacity loss caused by shallow discharge cycles. The choice between NiMH and Li-Ion batteries involves several tradeoffs. Li-Ion batteries are much more efficient than NiMH batteries, have a longer cycle lifetime, and involve a lower rate of self-discharge. However, they are more expensive, even after accounting for their increased cycle life [12] . An additional consideration is battery aging due to chargedischarge cycles. For example, NiMH batteries (when subjected to repeated 100% discharge) yield a lifetime of about 500 cycles, at which point the battery will deliver around 80% of its rated capacity. The residual capacity is significantly higher if the battery is subjected to shallow discharge cycles only. At the rate of one discharge cycle per day, the battery will last for several years before its capacity becomes zero.
Several other battery related factors also play a role due to the nature of the target system/application. First, the battery nonideality termed as rate capacity effect is nonexistent since the system's current draw (few tens of milliamperes) is an order of magnitude less than the rated current of most present day batteries. Second, the operating temperature of the batteries will vary, leading to changes in battery characteristics. Thus, the choice of battery chemistry for a harvesting system depends upon its power usage, recharging current, and the specific point on the cost-efficiency tradeoff curve that a designer chooses.
Ultracapacitors have a higher power density than batteries and have traditionally been used to handle short duration power surges. Batteries are not as robust as ultracapacitors in terms of depth of discharge, and they tend to lose capacity when exposed to outdoor temperatures. Ultracapacitors are rated for several thousand charge-discharge cycles as compared to a few hundred cycles for Li-Ion batteries. Battery cycle life is severely reduced when exposed to cold temperatures as well. On the other hand, ultracapacitors possess robust characteristics over a wide temperature range [13] . However, they suffer from severe leakage and are expensive. Therefore, Fig. 5 . The dc-dc buck-boost converter with battery load. choice of energy storage device depends on a variety of factors including peak power requirements, cycle life, energy storage capacity, cost, and form factor.
V. VIBRATION SPECTRUM ANALYSIS
In order to harvest energy from vibrations, the first step involves obtaining the vibration spectrum from the source or structure. It is important to determine the range of frequencies at which maximum force (acceleration) occurs. In this paper, data has been obtained from several vehicles and tools to observe feasibility of designing vibration EH systems for active RFID tags used for highvalue asset monitoring in disaster relief applications. The Texas MicroPower, Inc., TMP-DL-1 vibration data logger was used to measure the data. This device contains a threeaxis accelerometer and is well suited to measure vibration data up to 6 g peak with 0.01 g peak resolution and sampling rate up to 180 Hz [14] .
Vibration data from several heavy duty vehicles were obtained. EH transducers for active RFID tags will generate optimal power if they are designed to resonate at the source vibration frequency. The vibration frequency spectrum is obtained by running a fast Fourier transform (FFT) on the measured acceleration data. Fig. 6 shows the placement location of the vibration data logger for vehicles such as a hydraulic pump, power saw, BobCat, and a 25-ton crane. Fig. 7 shows the vibration frequency spectrum for a hydraulic pump. The acceleration data are recorded for a few minutes and an FFT algorithm is executed to obtain the frequency spectrum. This is used to define the frequency band for transducer design. It is conceivable that multiple bimorphs can be integrated within this frequency spectrum to improve transducer energy output. The resonant frequency for the hydraulic pump can be seen to be about 72 Hz with peak acceleration of more than 0.8 g. Similarly, data obtained from the power saw showed a resonant frequency of about 60 Hz and peak acceleration of more than 0.7 g. Relative to machinery, the vibration data obtained from vehicles was much lower. For example, for the BobCat, peak acceleration of about 0.03 g was observed at about 24 Hz (refer to Fig. 8 ).
VI. EH SYSTEM DESIGN AND PRELIMINARY RESULTS
An appropriate piezoelectric bimorph can be designed with adequate specifications (e.g., width, length, thickness, tip mass, etc.) that provides the necessary output power at the desired resonance frequency. For the BobCat, the harvester was designed for a resonant frequency ðf o Þ of about 30 Hz. This is a fairly typical f o for vehicles. For tools such as the hydraulic pump and power saw, the harvester must be designed to resonate at their respective f o s (72 and Hande
60 Hz, respectively). At these relatively low f o s, a large cantilever tip mass is required. For example, at 30 Hz, a tip mass of about 100 g was required for the transducer design. A cantilever structure comprising two smart material macrofiber composite (MFC) patches was mounted on a 0.38-mm aluminum beam. Due to space restrictions and cost, a slightly higher frequency of about 25-30 Hz was chosen for the transducer design. About 100 gm tip mass was required to obtain 30-Hz resonant frequency.
It is important to model the piezoelectric transducer at f o using a typical model such as an ac voltage source with series capacitance ðCÞ and resistance ðR S Þ [15] . This model works well under resonant operating conditions where the transducer output impedance ðZ o Þ is inversely proportional to f o and given by
Such a model also provides information on maximum power that can be obtained at matching load impedance. Z o is required for designing a dc-dc converter with average input resistance ðR in Þ equal to Z o for maximum power transfer. For example, Fig. 9 shows that maximum power ðP max Þ of 280 W was obtained at 30-Hz resonant frequency with a 120-k load for a PZT-5-based cantilever size of 1 cm 3 at 0.08-g excitation [15] . This would, therefore, require the dc-dc converter to be designed for R in % 120 k. At higher resonant frequencies, P max was slightly lower due to lower transducer output voltages for these frequencies.
Average power output required to operate the Axcess tags was estimated to be at least 18 W. Low-leakage Schottky diodes were used for the front-end bridge rectifier design. The design procedure explained in Section IV was used to implement a dc-dc buck-boost converter. An appropriate value of inductance was chosen to obtain necessary matching impedance of about 100 k. Fig. 10 shows the transducer prototype with power management circuit, lithium polymer secondary battery as the energy storage device, and an Axcess tag circuit board. A battery instead of an ultracapacitor was chosen because the application was interrupt driven and required the storage device to posses high energy density rather than power density. The overall form factor of the complete prototype is estimated to be 50 Â 50 Â 30 mm 3 and is expected to be much smaller with a single chip implementation.
Initial experiments were conducted to verify system operation for energizing the RFID tag. Tests showed that the tag required 40-ms bursts for transmitting its ID to the activator/receiver. Peak current of about 5 mA was consumed using a 3 V DC rechargeable Panasonic VL2020 20 mAh battery when active. During off-period, current draw was in the tens of microamperes range with minimum off time at 40 ms and maximum of about 500 ms. The HyperTerminal program was set up on a PC to record received data from the activator/receiver. Data were received approximately five times per second. Fig. 11 shows the HyperTerminal output, Axcess tags, and activator. The prototype was capable of delivering > 150 W continuous power at low excitation levels of 0.07 g peak which is more than sufficient to supply the tag's 18-30 W average power requirements [15] . These tests showed that the harvester prototype was able to sustain charge in battery with continuous vibrations to operate the RFID tag continuously. The experiments used a controlled vibration setup (e.g., shaker) to conduct experiments based on the vibration data obtained during the field tests (described in Section V).
VII. CONCLUSION
The design of vibration EH system for active RFID and microwireless devices used in high-value asset monitoring for disaster relief operations is explored. These low-power wireless sensor applications are very important primarily because of the rapid development of the markets, and second, due to the limited life of batteries. This adds cost and limits deployment of these devices to high-value asset and limited life applications. Although the advantages of these devices are enormous in terms of communication range, throughput, and reliability, the battery cost and its replacement do hamper adoption rates. Vibration energy harvesting can extend battery life and replenish idle energy consumption which is a dominant factor in battery life reduction. Design of new RF sensor fabrication (e.g., smart labels) and device technology (e.g., communication protocols) are steadily decreasing the energy requirements and smart power management and EH techniques allow a realistic possibility for perpetual node life. 
